Biosorption of Cd(II) onto loquat leaves (LL) powder and loquat leaves ash (LA) from aqueous solution has been investigated. The extent of biosorption of Cd(II) ions was found to be dependent on the solution pH, biosorbent dose, initial cadmium ions concentration, contact time, and temperature. The experimental equilibrium biosorption data were analyzed by three widely used two-parameter Langmuir, Freundlich, and Dubinin-Radushkevich (D-R) isotherm equations. The Langmuir isotherm model provided a better fit with the experimental data than Freundlich and DubininRadushkevich (D-R) isotherm models by high correlation coefficients R 2 . The biosorption capacity of LL and LA was found to be 29.240 mg g −1 and 21.322 mg g −1 for Cd(II) ions, respectively. The mean adsorption energies evaluated using the D-R model indicated that the adsorption of Cd(II) onto loquat leaves and their ash mainly proceeds through binding surface functional groups, i.e., were taken place by physisorption. The thermodynamic analysis indicated that the biosorption behavior of cadmium ions onto LL and LA biosorbents was an endothermic process. The negative sign values of ΔG o and positive values of ΔH o revealed that the biosorption process was spontaneous and endothermic. Adsorption mechanisms were also investigated using the pseudo-first-order and pseudo-second-order kinetics models. The kinetic results showed that the adsorption of Cd(II) onto LL and LA followed well pseudo-second order kinetics.
Background
Heavy metals are recognized as long-term hazardous contaminants because of their high toxicity, accumulation and retention in human body. Cadmium (II) is one of the toxic heavy metals responsible for causing kidney damage, renal disorder, high blood pressure, bone fraction, and destruction of red blood cells [1] . Major sources of cadmium (II) in environment are electroplating, industries of pigments, plastic, and metal finishing industries. The conventional methods for the removal of cadmium and other heavy metals from water and wastewater include chemical precipitation [2] , ion exchange [3] , electrochemical precipitation [4] , membrane separation [5] , and adsorption [6] [7] [8] [9] . All these methods are, in this case, either economically unfavorable or technically complicated and thus used only in special cases. Each of these methods has some limitations in practice. The problems with the aforementioned methods make it necessary to develop easily available, inexpensive, eco-friendly, and equally effective alternatives for water and wastewater treatment. Biosorption of heavy metals by agricultural waste materials, which are produced in large quantities as a solid waste, is one of these alternative treatment methods [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
The present work was carried out to show the potential of biosorption of cadmium ions from aqueous solutions by LL and LA.
Results and discussion

Effect of pH on adsorption
The pH is one of the most important parameters that is effective on metal biosorption. It is directly related with the competition abilities of hydrogen ions with metal ions to bind with the active sites on the biosorbent surface. The effect of pH on biosorbtion of Cd(II) ions onto LL an LA was studied in the pH range from 1.0 to 8.0, keeping the concentration of metal ions constant at 30 mg L −1 and at 30°C. The percentage removal of the Cd(II) ions as a function of pH is shown in Figure 1 . It can be seen from this figure that the removal of metal ions percent increases with the increasing pH of Cd(II) from 1.0 to 6.0 and then decreases to reach pH 8.0. The maximum adsorption was observed around pH 6.0. The biosorption of Cd(II) ions onto LL and LA surfaces reflected the nature of the physiochemical interactions of the solution. At highly acidic pH (pH < 2.0), the overall surface charge on the active sites of LL and LA became positive, and Cd(II) ions and protons compete for binding in the active sites on LL and LA surfaces, which results in a lower uptake of the metal ions. The LL and LA biosorbent surfaces became more negatively charged as the pH solution increased from 2.0 to 6.0. The functional groups became more deprotonated and thus available for the Cd(II) ions.
Effect of contact time on adsorption
The effects of contact time of Cd(II) on the biosorption process were studied in the time range from 10 to 120 min at pH 6.0 and 30°C with a fixed LL and LA biosorbent dose. It can be seen from Figure 2 that the percentage removal of metal ions increases with contact time until equilibrium is attained between the amount of metal ions on LL and LA and the remaining metal ions in solution. Figure 2 shows that the percentage removal of Cd(II) increases with contact time from (0 to 60) min and then becomes almost constant up to the end of the experiment. It can be concluded that the binding of Cd(II) with LL and LA is high at initial stages and becomes almost constant after an optimum contact time of 60 min.
Effect of biosorbent dosage
To determine the effect of biosorbent dose, different amounts 1 to 10 g L −1 of biosorbent were suspended in 30 mL cadmium solution in which the concentration of cadmium is 20 mg L −1 under optimized conditions of pH 6.0 and at contact time of 60 min. From experimental results obtained, we found that an optimum dose of 4 g L −1 is appropriate to use for all the experiments.
Effect of Cd(II) concentration
The effect of initial Cd(II) concentration on the biosorption capacity of LL and LA was investigated under optimum conditions, pH = 6.0 and 30°C ( Figure 3 ). Biosorption of cadmium onto LL and LA increased with increasing initial concentration of cadmium ions. If the initial metal concentrations were found up to 400 mg L −1 , the amount of adsorbed Cd (II) ions per unit mass of the LL and LA increased. These data are reasonable, indicating the presence of many active sites on LL and LA surface, which are available to bind with Cd(II) ions at low concentration. Beyond the initial metal ion concentrations 400 mg/L, the adsorption capacity of LL and LA biosorbent remained relatively constant, indicating that the optimal concentration was 400 mg/L. This is probably due to saturation of cadmium ion binding sites at LL and LA surface at a concentration higher than 300 mg L . These results may be explained by an increase in the number of cadmium ions competing for the available binding sites in the biosorbent for the complexation of cadmium ions at higher concentration levels.
Biosorption isotherms
Adsorption equilibrium data are generally described by adsorption isotherms which are very important to ; pH 6).
optimize the design parameters of an adsorption system. They are also helpful to provide sufficient physicochemical information to understand the mechanism of adsorption. These isotherms relate the amount of solute adsorbed at equilibrium per weight of adsorbent, q e , to the adsorbate concentration at equilibrium, C e . In this study, three important isotherm models were selected to fit experimental data, which are namely Langmuir, Freundlich, and Dubinin-Radushkevich (D-R) isotherm models. The Langmuir model [20] assumes that an adsorption occurs at a specific homogenous surface by monolayer sorption without interaction between the adsorbed molecules. The Langmuir isotherm model is given as Equation 1 .
The constants q max and K L are characteristics of the Langmuir equation and can be determined from the linear form of Equation 2 as follows:
In this equation, q e is the amount of heavy metal adsorbed onto clay at equilibrium (milligrams per gram); q max is the theoretical monolayer capacity (milligrams per gram); K L is the Langmuir equilibrium constant related to the affinity of the binding sites and the sorption energy; and C eq denotes the concentration of the solution at the equilibrium (milligrams per liter). The experimental data shown in Figure 4 show the dependence of C eq /q e with changes in C eq .
Freundlich [21] constructed a model for multiplayer adsorption including heterogeneous surfaces. The Freundlich model is formulated as Equation 3 .
In this equation, K F is the Freundlich constant and 1/n is the adsorption intensity; the linear form of Freundlich equation is given as Equation 4 . logq e ¼ logK F þ 1=n logC eq ð4Þ Figure 5 shows a plot of logq e versus logC eq . From the slope and intercept of the linear relationship shown in this figure, the Freundlich constants K F and the sorption 1/n for all metal cations are calculated. K F and n data are shown in Table 1 .
Langmuir and Freundlich isotherms are limited in their scope to explain the physical and chemical characteristics of the sorption process. Therefore, the D-R isotherm is commonly used to describe the sorption isotherms of a single solute system. The D-R isotherm, apart from being analogous to the Langmuir isotherm, is more general than the latter as it does not assume the homogeneity of the surface or constant sorption potential. The D-R equation is given in [22] as follows:
In this equation q e is the amount of heavy metal cation taken up by the material at equilibrium (milligrams per gram); q max is the D-R monolayer capacity (milligrams per gram); β is a constant related to the sorption energy (millimole 2 per kilojoule 2 ), and ɛ is the Polanyi potential which is related to the equilibrium concentration as Equation 4 :
where R is the gas constant (kilojoule per kelvin per mole), and T is the temperature in K. The main energy of sorption (E) is calculated by using the following expression [23] :
The D-R isotherm is applied to the data obtained from the experimental results. A plot of lnq e versus ɛ 2 is given in Figure 6 . The adsorption capacities q m , adsorption energy constant β, and the main adsorption energies E are calculated for the two adsorbents.
The results obtained for the three isotherm equations are listed in Table 1 . All isotherm models gave good correlation coefficients with R 2 > 0.9049. Based on Langmuir isotherm, the highest value of maximum adsorption capacity of biosorption of Cd(II) by LL and LA biomass was calculated 29.240 and 21.322 mg g −1 respectively. The n value as indicated by Freundlich model was greater than its unity, suggesting a favorable adsorption process. The maximum E values determined for D-R isotherm are 6.056 and 5.505 kJ mol −1 for LL and LA respectively. They are the orders of physisorption mechanism in which the sorption energy is <16 kJ mol −1 [24] . Hence, the results obtained in this study indicated that the adsorption has low potential barrier and assigned to physisorption. Table 2 shows the biosorption capacity values of various adsorbents for Cd(II) [25] [26] [27] [28] [29] [30] . The comparison between our results and those of the literature (all measurements are carried out at pH 5 to 6, without electrolyte salt addition) shows that the LL powder and LA without any treatment exhibit good adsorption efficiency. It can be seen that the capacity in this work of 29.240 mg g −1 , and 21.322 mg g −1 for LL and LA, respectively, is relatively better than the most of results shown in the works listed in Table 2 . 
Kinetics of adsorption
In order to analyze the rate of adsorption and possible adsorption mechanism of cadmium onto LL and LA, the pseudo-first order and pseudo-second order models were applied to the adsorption data. The pseudo-first order model is given as follows [31] :
where q t is the amount of cadmium ions adsorbed at time t (milligrams per gram), q e is the amount of cadmium ions adsorbed at equilibrium (milligrams per gram) and k 1 is the pseudo-first-order rate constant (per minute) for the first order adsorption. The pseudo-firstorder plots are shown in Figure 7 and their constants are given in Table 3 . Based on Table 2 , the correlation coefficient R 2 were found to be low and the values of calculated adsorption capacities (q e,calculated ) were far much lower than experimental ones (q e,experimental ), suggesting that the adsorption process did not fit the pseudo-first order model.
The pseudo-second order model can be expressed as follows [32] :
Where K 2 is the equilibrium rate constant of pseudosecond order adsorption (grams per milligram per minute). Values of K 2 and q e were calculated from the slopes and intercepts of the linear plot of t/q t against t (Figure 8 ). The regression coefficients R 2 are found to be 0.9961 to 0.9974, and the calculated maximum adsorption capacity values of q e,calculated which are quite close to the experimental values, q e,experimental , for adsorption of cadmium onto LL and LA indicate that the pseudosecond order model fits with the kinetic data very well. The values of q e,calculated and k 2 are listed in Table 3 .
Effect of temperature and thermodynamic parameters
To study the effect of temperature on the uptake of Cd (II), the process was carried out at three operating temperatures, (20°C, 30°C, and 40°C) with 30 mgL -1 of initial Cd(II) concentration at pH 6.0. The biosorption capacity was found to be varied with temperature. When the temperature is increase from 20°C to 40°C, the biosorption capacity increased. The higher uptake at higher temperature may be attributed to the availability of more active sites on the surface of LL and LA.
The temperature dependence of the biosorption process is related to the several thermodynamic parameters including Gibbs free energy (ΔG o ), enthalpy (ΔH o ), and entropy (ΔS o ), which are used to decide whether the biosorption is a spontaneous process or not. In the present work, the thermodynamic behavior of the biosorption of Cd(II) ions onto LL and LA is evaluated ; pH 6).
as follows. The changes in Gibbs energy, ΔG o , of the biosorption process is related to the equilibrium constant by the following equation
where K c is the equilibrium constant calculated from the following equation [33] :
where C Ae (milligrams per gram) is the amount of metal ion adsorbed on per weight unit of biosorbent after equilibrium and C eq (milligrams per liter) is the equilibrium concentration of Cd(II) in supernatant after centrifugation. The obtained values of K c at temperatures, (20°C, 30°C, and 40°C) are listed in Table 3 . The enthalpy change, ΔH o , and entropy change, ΔS o , were obtained from the van 't Hoff equation
where T is the absolute temperature (Kelvin), R is the gas constant ( 
Experimental
Preparation of Cd(II) stock solution
Cd(II) stock solution 1,000 mg L −1 was prepared by dissolving a known quantity of cadmium nitrate Cd(NO 3 ) 2 , (E. Merck, Darmstadt, Germany) in 1,000 mL of double distilled water. The working solutions for the experiments with different concentrations of Cd(II) were prepared by appropriate dilutions of the stock solution immediately prior to their use. Standard acid 0.1 M HNO 3 and a base solution 0.1 M NaOH were used for pH adjustment. All of the reagents were of analytical grade and used without further purification.
Preparation of biosorbent
LL was collected from Royal Scientific Society, Amman, Jordan and washed repeatedly with double distilled water to remove soluble impurities and other adhering particles. Loquat leaves was first air-dried and then dried in an oven at 60°C for 24 h to get rid of the moisture and volatile impurities. The dried LL pieces were ground using a grinding mill (Retsch RM 100, Retsch-Allee GmbH, Haan, Germany) and sieved to get the size fraction <45 μm for biosorption experiments. The LA was obtained from burning of loquat leaves at 550°C for 10 min.
Batch experiment
Biosorption studies were performed at constant pH 6.0 with initial concentration of Cd(II) (20 mg L −1 ) and biosorbent dose of 4 g L −1 at temperature 30°C. The 100-mL flasks containing the solutions were agitated on a shaker at 350 rpm constant shaking rate for 120 min to ensure that equilibrium was reached and centrifuged and filtered through filter paper (Schleicher and Schll 589, Sigma-Aldrich Corporation, St. Louis, MO, USA), and the supernatant was analyzed for cadmium by a sequential plasma emission spectrometer (ICPS-7510, Shimadzu Corporation, Tokyo, Japan). Each experiment was run in triplicate and the mean values were reported.
The effect of pH on biosorption of Cd(II) onto the LL and LA biosorbents was investigated by varying of the solution pH from 1.0 to 8.0. The effects of contact time, temperature, and biosorbent concentration on uptake of Cd(II) were then examined.
The biosorption capacity q e (milligrams per gram) of the biosorbent for each concentration of Cd(II) at equilibrium was calculated using Equation 13 :
where C o is the initial concentration of adsorbent (milligrams per liter), C eq is the final equilibrium concentration of adsorbate (milligrams per liter), V is the volume of liquid (L) and M is the mass of adsorbent (grams). Percentage removal (%R) of the cadmium ions was calculated using Equation 14 .
Conclusions
The potential of LL powder and LA for removal of Cd (II) ions from aqueous solutions was dependent on the solution pH, initial metal ions concentrations, biosorbent dose, contact time, and temperature. The equilibrium data have been analyzed using Langmuir, Freundlich, and D-R isotherms. The characteristic parameters for each isotherm and related correlation coefficients, R 2 , were determined. The Langmuir biosorption isotherms were demonstrated to provide the best correlation for the biosorption of Cd (II) ions onto LL and LA. The maximum monolayer biosorption capacity of LL was found to be 29.24 mg of Cd (II)/g of LL and 21.322 mg of Cd (II)/g of LA. The kinetic results provided the best correlation of the experimental data of biosorption of Cd (II) onto LL and LA by pseudosecond order equation. The performance of LL and LA as cadmium adsorbents compares favorably with other adsorbents like modified lignin, chelating resin, natural clays, and activated carbons.
